Acquired resistance to classic caspase-mediated apoptosis is a common problem for the treatment of human cancer. Here, we show that siramesine, a novel S-2 receptor ligand, effectively induces caspase-independent programmed cell death in immortalized and transformed cells of various origins. Siramesine-treated tumor cells displayed increased levels of reactive oxygen species, lysosomal membrane permeabilization, chromatin condensation, and shrinkage and detachment of cells. Lipid antioxidants (A-tocopherol and ;-tocopherol), but not other tested antioxidants (butylated hydroxyanisol or N-acetyl cysteine), effectively inhibited siramesine-induced morphologic changes and cell death. Cathepsin B inhibitors (CA-074-Me and R-2525) conferred similar, but less pronounced protection, whereas ectopic expression of antiapoptotic protein Bcl-2, lack of wild-type p53 as well as pharmacologic inhibitors of caspases (zVADfmk, DEVD-CHO, and LEHD-CHO), calpains (PD150606), and serine proteases (N-tosyl-L-phenylalanine chloromethyl ketone and pefabloc) failed to protect cells against siramesineinduced death. Importantly, transformation of murine embryonic fibroblasts with activated c-src or v-Ha-ras oncogenes greatly sensitized them to siramesine-induced cytotoxicity. Furthermore, p.o. administration of well-tolerated doses of siramesine had a significant antitumorigenic effect in orthotopic breast cancer and s.c. fibrosarcoma models in mice. These results present siramesine as a promising new drug for the treatment of tumors resistant to traditional therapies. (Cancer Res 2005; 65(19): 8975-83) 
Introduction
j Receptors are orphan receptors with unique drug-binding profiles (1) . Until recently, they have been considered as central nervous system-specific binding sites that modulate neurologic processes through an interaction with psychoactive substances like haloperidol. Accumulating evidence suggest, however, that j receptors also regulate cell proliferation and survival and that their expression is not limited to neurons (2) (3) (4) (5) . Cellular transition from quiescent to proliferative status is associated with an increase in j receptor expression (6) , and j receptors are abundant in human and rodent tumors of various origins (4) . Pharmacologic binding studies have revealed the existence of two j receptor subtypes with different drug-binding profiles (7, 8) . Whereas the j-1 receptor has been cloned and characterized (9) , the sequence of the j-2 receptor has not been revealed.
Whereas j-1 receptors promote cell growth and inhibit apoptosis (5) , activation of j-2 receptors by selective (e.g., CB-184, CB-64D, and ibogaine) as well as nonselective (haloperidol) ligands induces growth arrest and cell death in various tumor cell lines (2, 3, 10) . The mechanism by which j-2 ligands induce cytotoxicity remains, however, largely unknown. This is partially due to the fact that several j-2 signaling studies have been done with haloperidol or other nonselective j ligands that bind both j-1 and j-2 receptors. For example, the induction of reactive oxygen species and protection by vitamin E has been reported in cells treated with haloperidol (11) (12) (13) . Controversy also exists whether j-1 or j-2 receptors are responsible for the increase in intracellular calcium ([Ca 2+ ] i ) observed in response to j antagonists and agonists (5, 14) . Other j-mediated effects that seem to be involved in the regulation of cell survival include the regulation of voltagegated Ca 2+ and K + channels (15, 16) and the increase in the concentration of ceramide, a sphingolipid suggested to be involved in some apoptosis signaling pathways (17) .
Normal cells respond to death stimuli by undergoing caspasedependent apoptosis, the best characterized form of programmed cell death. In contrast, cancer cells frequently escape spontaneous and therapy-induced caspase activation due to acquired mutations in the apoptotic machinery (18) (19) (20) . For example, up-regulation of antiapoptotic Bcl-2 protein and mutations in p53 tumor suppressor protein are common in human tumors. Therefore, development of novel anticancer drugs that can trigger alternative death pathways that are independent of commonly mutated apoptosis-regulating genes is of great importance. The j receptors may represent candidate targets for such drugs, because the death signaling initiated by their activation may proceed independent of caspase activation and wild-type p53 (3) . Furthermore, the increased expression of j receptors in proliferating cells may render cancer cells especially sensitive to j-2 agonists (21, 22) .
Siramesine (Lu-28-179; 1V-[4-[1-(4-fluorphenyl)-1H-indol-3-yl]butan-1-yl]spiro[isobenzofuran-1(3H),4V-piperidine]), a piperidineanalogue that binds j-2 receptors with a subnanomolar equilibrium dissociation constant (K d ; refs. 23, 24) , was originally developed for the treatment of anxiety and depression (25) . Although the clinical trials failed to show the requested efficacy in the treatment of psychiatric disorders, they presented siramesine as a nontoxic and well-tolerated compound in humans. The lack of serious side effects, together with the increasing body of evidence suggesting that j-2 receptors trigger cell death, prompted us to investigate the potency of siramesine as a cancer drug. Indeed, siramesine induced cell death in all immortalized and tumorigenic cell lines tested. In spite of the apoptosis-like morphology of dying cells, siramesine-induced death was independent of the major modulators of classic apoptosis (i.e., p53, Bcl-2, and known caspases). The closer analysis of the death pathway revealed an involvement of reactive oxygen species and lysosomal membrane permeabilization as well as a marked sensitization by oncogenic transformation. Importantly, p.o. administration of siramesine significantly inhibited the growth of tumor xenografts in mice in the absence of detectable side effects. Taken together, these data greatly encourage the translation of siramesine into human cancer trials.
Materials and Methods
Cells and treatments. Tumorigenic cell lines originate from murine fibrosarcoma (WEHI-S and WEHI-R) and human breast (MCF-7S1 and MDA-MB-468) and cervix (HeLa and ME-180) carcinomas. Nontumorigenic lines are immortalized human breast (HBL-100) and embryonic kidney (HEK293-A) epithelial cells or murine embryonic fibroblasts (NIH3T3). WEHI-S and WEHI-R cells represent single cell clones of WEHI-164 fibrosarcoma cells selected for their sensitivity and resistance to tumor necrosis factor (TNF), respectively (26) . MCF-7S1 cell line is a highly TNF-sensitive subclone of MCF-7 cells (hereafter called ref. 26) . Cells were propagated in DMEM (Invitrogen, Paisley, United Kingdom) supplemented with 10% heat-inactivated FCS (Biological Industries, Beit Haemek, Israel), 0.1 mmol/L nonessential amino acids (Invitrogen), and antibiotics, or in RPMI 1640 (Invitrogen) supplemented with 6% heat-inactivated FCS and antibiotics at 37jC in a humidified air atmosphere with 5% CO 2 .
MCF7-pCEP-1, MCF7-pCEP-2, and MCF7-pCEP-3 and MCF7-Bcl-2-1, MCF7-Bcl-2-2, and MCF7-Bcl-2-3 are single cell clones of MCF-7 cells transfected with an empty pCEP-4-hygro vector (Invitrogen) or pCEP-4-hygro encoding for human Bcl-2, respectively, essentially as described previously (27) . MCF7-neo2 and MCF7-casp3.3 are single cell clones of MCF-7 cells transfected with an empty pcDNA-3-neo vector (Invitrogen) and pcDNA-3-neo encoding for human procaspase-3 (kindly provided by V. Dixit, Genentech, San Francisco, CA), respectively. NIH3T3 cells were transduced with an empty pBabe-puro retrovirus or pBabe-puro encoding for SV40 large T antigen (SV40LT), v-Ha-ras, or c-src Y527F (hereafter called c-src) as described previously (28) . All experiments were conducted at passages six to eight after the transduction.
Siramesine
-piperidine] selective j-2 ligand) was synthesized at Lundbeck A/S (Copenhagen, Denmark; ref. 23 ). The recombinant human TNF was kindly provided by A. Cerami (Kenneth Warren Laboratories, Tarrytown) and the cathepsin B inhibitor R-2525 by B. Rydzewski (Celera Applied Biosystems, Foster City, CA). Etoposide, butylated hydroxyanisole, a-tocopherol, g-tocopherol, glutathione ethyl ester, and N-acetyl-cysteine, haloperidol (j-1/2 ligand), and (+)-pentazocine (j-1 ligand) were from Sigma-Aldrich (St. Louis, MO); zVAD-fmk and DEVD-fmk from Bachem (Bubendorf, Switzerland); DEVD-CHO from Neosystems (Strasbourg, France); LEHD-CHO from Alexis (Montreal, Quebec); CA-074-Me from Peptides International (Louisville, KY); pepstatin A, PD150606, and calpain inhibitor ALLN from Calbiochem (La Jolla, CA); and N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) and pefabloc (AEBSF) from Roche Diagnostics GmbH (Penzberg, Germany). Protease inhibitors and antioxidants were added to the cells 1 hour before the death-inducing stimuli.
Detection of cell viability and death. The viability and death of the cells were analyzed by 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) reduction and lactate dehydrogenase (LDH; cytotoxicity detection kit from Roche) assays essentially as described (29) . The cell death mode was assessed by the type of nuclear condensation and the status of the plasma membrane using an inverted Olympus IX70 fluorescent microscope (Filter U-MWU 330-385 nm) after staining the cells with a mixture of 2.5 Ag/mL Hoechst 33342 and 0.5 Amol/L SYTOX (Molecular Probes, Eugene, OR).
Caspase activity measurement. Immunodetection of proteins. Immunodetection of proteins separated by SDS-PAGE and transferred to nitrocellulose membranes was done with enhanced chemiluminescence Western blotting agents (Amersham Biosciences, Little Chalfont, United Kingdom). Primary antibodies raised against cathepsin L (clone S-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), Hsp70 (clone 2H9, gift from Boris Margulis, Russian Academy of Sciences, St. Petersburg, Russia), Bcl-2 (clone 124, Boehringer Mannheim, Mannheim, Germany), p53 (clone DO-1, gift from Jiri Bartek, Danish Cancer Society, Copenhagen, Denmark), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Biogenesis, Poole, United Kingdom) followed by appropriate peroxidase-conjugated secondary antibodies from DAKO A/S (Glostrup, Denmark) were used.
For immunocytochemistry, cells plated on glass coverslips were washed in PBS and fixed using ice-cold methanol for 10 minutes at 25jC. The samples were blocked for 20 minutes in 5% goat serum diluted in PBS containing 0.3% Triton X-100, 1% bovine serum albumin (BSA). Primary antibodies against cathepsin L (clone 22, BD Transduction Laboratories, Lexington, KY) and cytochrome c (clone 6H2.B4, BD PharMingen, San Diego, CA) were diluted in PBS containing 0.25% BSA and 0.1% Triton X-100 and transferred to samples for 1 hour in darkness at 25jC. After washing, samples were incubated with Alexa 488-coupled secondary antibodies (Molecular Probes) for 30 minutes. Samples were washed in PBS containing 0.05% Tween 20 and the glass coverslips were mounted using antifade kit (Molecular Probes). Fluorescence images were subsequently taken using a Zeiss laser-scanning microscope with Axiovert 100M.
Detection of oxidative stress. Cells treated as indicated were exposed to 2 Amol/L dihydroethidine (Molecular Probes) for 15 minutes and washed in PBS. The fluorescence intensity of ethidine, the oxidation product of dihydroethidine, was subsequently visualized in an inverted Olympus IX70 fluorescent microscope (Filter U-MWU 330-385 nm) and quantified by FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Germany).
S-2 Receptor analysis. Subconfluent cells were washed twice in PBS without Ca 2+ and Mg
2+
, detached using a cell scraper, centrifuged for 10 minutes at 400 Â g at 4jC and stored at À80jC. Upon thawing, the cell pellets were resuspended in ice-cold Tris buffer [50 mmol/L Tris (pH 7.7)], homogenized using an Ultra Turrax Teflon pestle homogenizer and centrifuged at 4 Â 10 4 g for 20 minutes at 4jC. The resulting pellet containing the crude membrane fraction was resuspended in ice-cold Tris buffer and stored in aliquots at À80jC until use. The protein concentrations were estimated using BCA protein assay (Pierce Biotechnology, Rockford, IL).
The binding of [ 3 H]siramesine to crude membrane fractions was analyzed essentially as described previously (24) . The membrane preparation was diluted in the Tris buffer containing 1% BSA (Sigma-Aldrich) to a final concentration of 25 Ag/mL. Nonspecific binding was defined as binding in the presence of 1,3-di-o-tolylguanidine (nonselective j ligand; Sigma-Aldrich). All glass and plastic equipment used in the binding assay were coated in Tris buffer containing 1% BSA to reduce the binding of siramesine to the surfaces.
Tumor xenografts. WEHI-R4 cells (5 Â 10 6 in 200 AL PBS) were inoculated s.c. into the right flank of immunocompetent female BALB/c mice. MCF7-S1 cells (10 Â 10 6 in 100 AL PBS) were inoculated into the second axillary mammary fat pad of female FOX CHASE severe combined immunodeficient (SCID) mice treated with 0.670 Ag/mL estrone (Sigma) in drinking water. The daily p.o. treatment with 200 AL vehicle (0.5% methylcellulose 15 in 0.9% NaCl solution) alone or with indicated concentrations of siramesine was initiated either simultaneously, 2 days before the inoculation of tumor cells, or after tumor manifestation (r = 2.5 mm). The tumor diameter was measured using a caliper, and the tumor volume was estimated according to the formula, V = 4/3 Â p Â r 3 . All experiments were terminated at the time when the tumors in untreated animals reached maximum tolerated size (r = 6 mm). All animal work was carried out in accordance with the NIH guidelines. 50 value of vector-transduced cells served as a reference (=1). Significant protection by pharmacologic inhibitors against siramesine was tested using a one-sample t test and differences in tumor sizes between vehicle and siramesine-treated groups by Student's t test.
Results
Siramesine induces cell death in immortalized and transformed cell lines. Siramesine is a novel piperidine analogue with a high binding affinity and a 100-fold selectivity for j-2 over j-1 sites ( Fig. 1A; refs. 23, 24) . At concentrations ranging from 1 to 50 Amol/L, siramesine displayed significantly stronger antiproliferative effects on WEHI-S murine fibrosarcoma and MCF-7 human breast cancer cells than haloperidol that binds both j-1 and j-2 sites with high affinity (Fig. 1B) . j-1 Ligand (+)-pentazocine did not affect cell density even when applied at 100 Amol/L. To test whether siramesine-induced reduction in cell density was associated with cell death, we analyzed its ability to induce plasma membrane permeabilization. In WEHI-S cells, siramesine induced a time-and dose-dependent plasma membrane permeabilization as measured by the release of the cytoplasmic enzyme, LDH, into the media (Fig.  1C and D) . The LDH release induced by 5 Amol/L siramesine was apparent after 13 hours treatment and reached maximum at around 18 hours. In a 24-hour assay, siramesine-induced cytotoxicity increased in a linear fashion at concentrations ranging from 1 to 9 Amol/L. In fact, siramesine caused growth inhibition in WEHI-S cells at concentrations as low as 100 nmol/L (Fig. 1E) . This effect depended, however, on a lower seeding density (6,000 cells/ cm 2 ) compared with that used in other experiments (24,000 cells/ cm 2 ). Contrary to siramesine, TNF-induced cytotoxicity was not significantly affected by the cell density (Fig. 1E) . In addition to WEHI-S and MCF-7 cells, all other seven cell lines tested were sensitive to siramesine with IC 50 values in a low micromolar range (Fig. 1F) . In all cell lines, siramesine inhibited cell proliferation and upon continuous exposure induced cell death. Siramesine triggers caspase-independent apoptosis-like cell death. Different modes of programmed cell death can be defined according to the cellular morphology (30) . Necrosis-like programmed cell death is characterized by the swelling of the cell, early disruption of the plasma membrane, and lack of chromatin condensation, whereas hallmarks of apoptosis and apoptosis-like programmed cell death include blebbing of the plasma membrane, rounding and shrinkage of cells, as well as compact or loose condensation of chromatin before the plasma membrane disruption. WEHI-S cells treated with siramesine displayed plasma membrane blebbing and synchronous rounding and shrinkage of the cells followed by a loose condensation of chromatin ( Fig. 2A) . To examine whether the chromatin condensation occurred before plasma membrane disruption, DNA was stained with cell-permeable Hoechst-33342 and nonpermeable SYTOX-Green. The presence of condensed nuclei in cells that were negative for SYTOX-Green indicated that nuclear condensation occurred before the disruption of the plasma membrane ( Fig. 2A, arrows) . Nuclei that were both condensed and SYTOX-Green positive are likely to represent cells in late stages of programmed cell death ( Fig. 2A, asterisks) . It should be noted that the condensed chromatin in siramesine-treated WEHI-S cells was clearly less compact than in TNF-treated cells (data not shown; ref. 29) . Accordingly, TNF, but not siramesine, induced DNA laddering in WEHI-S cells (data not shown). Taken together, the morphologic changes induced by siramesine in WEHI-S cells were characteristic of apoptosis-like programmed cell death. Similar apoptosis-like morphologic changes were observed in siramesinetreated MCF-7 cells (data not shown).
We next investigated the role of caspases in siramesine-induced cell death. Pan-caspase inhibitor zVAD-fmk at concentrations up to 100 Amol/L as well as inhibitors of caspase-3 (DEVD-CHO) and caspase-9 (LEHD-CHO) at 150 Amol/L failed to confer any protection against siramesine-induced cell death in WEHI-S and MCF-7 cells as determined by the cellular morphology and the MTT reduction assay ( Fig. 2B and C; data not shown). At the concentrations used, zVAD-fmk and DEVD-CHO fully attenuated TNF-induced apoptosis in MCF-7 cells and LEHD-CHO decreased it significantly (data not shown). These data suggest that the known caspases are not involved in the cell death induced by siramesine. This finding was further supported by the absence of significant effector caspase activation in siramesine-treated WEHI-S and MCF-7 cells (Fig. 2D and E) . The lack of measurable effector caspase activity in siramesine-treated MCF-7 cells could be due to the lack of functional caspase-3 in these cells (31) . Therefore, we also measured the effector caspase activity in siramesine-treated MCF-7 cells expressing exogenous caspase-3 (MCF7-casp3.3). In these cells, siramesine triggered the activation of effector caspases (Fig. 2E ), but this did not alter their sensitivity toward siramesine as determined by the LDH release assay (Fig. 2F) . Furthermore, the abrogation of the activity of the exogenous caspase-3 by pretreatment of the cells with 10 Amol/L zVAD-fmk failed to protect MCF7-casp3.3 cells against siramesine, indicating that the activation of caspase 3 is a secondary event, not crucial for the cell death (Fig. 2F) .
Involvement of lysosomal cathepsins in siramesine-induced cell death. In several caspase-independent cell death models, cathepsins are released from lysosomes into the cytosol, where they participate in the execution of the cell (29, 32, 33) . For this reason, we examined the localization of cysteine cathepsins B and L in siramesine-treated MCF-7 cells by immunocytochemistry. Contrary to untreated MCF-7 cells that displayed strong granular cathepsin B and L staining, siramesine-treated cells showed weaker and more diffuse staining pattern suggestive of lysosomal membrane permeabilization ( Fig. 3A; data not shown). The weaker cathepsin L staining in siramesine-treated cells was not due to reduced levels of cathepsin L in these cells (Fig. 3B) .
Using pharmacologic protease inhibitors, we next examined whether cysteine cathepsins participated in the execution of siramesine-treated cells. Cathepsin B inhibitors CA-074-Me and R-2525 resulted in a partial but significant protection against cell death induced by siramesine in MCF-7 cells as analyzed by the phase-contrast microscopy and the MTT reduction assay (Fig. 3C  and D) . Also, ALLN, an inhibitor of calpains and cysteine cathepsins (29) , increased the viability of siramesine-treated MCF-7 cells, whereas a more specific calpain inhibitor, PD150606, as well as serine protease inhibitors, TPCK and pefabloc, had no effect (Fig. 3D) . Likewise, in WEHI-S cells, inhibition of cysteine cathepsins by CA-074-Me significantly attenuated the death induced by siramesine, whereas the other cysteine cathepsin inhibitors, as well as calpain and serine protease inhibitors, were without an effect (Fig. 3E) .
Siramesine induces oxidative stress. To assess possible reactive oxygen species production upon siramesine treatment, we stained the cells with dihydroxyethidine that converts to highly fluorescent and DNA-binding ethidine upon oxidation. Accumulation of ethidine in WEHI-S cells treated with 5 Amol/L siramesine was significant after 4 hours treatment ( fold induction in mean fluorescence activity from channel 2H was 1.26 F 0.07; n = 4; P < 0.01) and reached a maximum around 19 hours (Fig. 4A-C) . To examine the role of oxidative stress in siramesine-induced cell death, WEHI-S and MCF-7 cells were pretreated with antioxidants. The lipid antioxidants a-tocopherol and g-tocopherol (200 Ag/mL), but not butylated hydroxyanisole (50-100 Amol/L), N -acetyl-cysteine (4-8 mmol/L), or glutathione ethyl ester (200-400 Amol/L), conferred significant protection against siramesine-induced morphologic changes and cell death in both cell lines ( Fig. 4D-F ; data not shown). At the concentrations used, a-tocopherol failed to confer any protection against TNF-induced apoptosis in either WEHI-S or MCF-7 cells, whereas butylated hydroxyanisole completely abrogated TNF-induced apoptosis in WEHI-S (data not shown).
To ensure that the protection observed by highly lipophilic tocopherols was not an artifact due to the formation of lipid micelles that could sequester hydrophobic siramesine and thereby inhibit its binding to the receptors, we studied the effect Siramesine-induced cells death is independent of p53 and cytochrome c release. The IC 50 values for siramesine were comparable in breast cancer cell lines harboring wild-type (MCF-7) and mutated (MDA-MB-468) p53 genes suggesting that the functional p53 protein is not crucial for siramesine-induced cell death (Fig. 1F) . Furthermore, siramesine treatment did not lead to the stabilization of the p53 protein, a characteristic of p53-dependent death pathways (Fig. 5A) , and the p53-inactivating SV40 large T antigen (SV40LT) failed to alter the sensitivity of NIH3T3 fibroblasts to siramesine (Fig. 6A and B) .
During classic apoptosis, cytochrome c and other proapoptotic proteins are released from the mitochondrial intermembrane space into the cytosol. This step is effectively inhibited in many cancer cells by the antiapoptotic members of the Bcl-2 family. Siramesine treatment of MCF-7 cells, however, did not lead to the translocation of cytochrome c to the cytosol, suggesting that mitochondrial membrane permeabilization is not required for siramesine-induced cell death (Fig. 5B ). This conclusion was further supported by the data showing that the expression of exogenous Bcl-2 failed to protect cells against siramesine-induced cytotoxicity ( Fig. 5C and D) . It should be noted that the localization of cytochrome c did change upon siramesine treatment, as mitochondrial structures seemed to aggregate (Fig. 5B) . Taken together, these data suggest that siramesine induces a caspaseindependent apoptosis-like cell death that is not controlled by the common regulators of classic apoptosis signaling, such as p53, Bcl-2, and cytochrome c.
Oncogenic transformation sensitizes cells toward siramesine. To test whether oncogene-driven transformation would influence the cellular sensitivity toward siramesine, we analyzed the siramesine-induced death in NIH3T3 murine fibroblasts transformed by constitutively active ras (v-Ha-ras) or src (c-src Y527F ) oncogenes (28) . As controls, we used NIH3T3 cells transduced with an empty pBabe-puro vector or with SV40LT (28). Remarkably, v-Ha-ras and c-src sensitized NIH3T3 cells toward siramesine as analyzed by the survival rate, the degree of morphologic changes, and the amount of condensed nuclei ( Fig. 6A and B) . The IC 50 value for siramesine as determined by the MTT reduction assay in SV40LT-transduced cells (8.7 F 0.5; n = 3) was not significantly different from that in vector-transduced control cells (9.4 F 0.9; n = 3), but the IC 50 values in v-Ha-ras-(7.3 F 1; n = 3; P < 0.01) and c-src-transformed (6.4 F 0.5; n = 3; P < 0.001) cells were significantly lower (Tukey's multiple comparison test, normalized data). Cancer cells have been suggested to contain more j-2 receptors than normal cells (4) . Thus, we did saturation binding experiments using [ 3 H]siramesine and crude membrane fractions from vector-, SV40LT-, v-Ha-ras-, and c-src-transduced cells (Fig. 6C) . Neither the K d nor B max values were significantly affected by SV40LT, v-Ha-ras, or c-src (one-way ANOVA analysis). Therefore, the transformation-dependent sensitization toward siramesine does not rely on the up-regulation of j-2 sites but on as yet unknown oncogene-induced changes in siramesine signaling.
Antitumorigenic effect of siramesine in vivo. The cytotoxic potency of siramesine in vitro encouraged us to investigate its antitumorigenic potential in vivo. For this purpose, we chose WEHI-R4 cell line that is a siramesine-sensitive subclone of WEHI-164 fibrosarcoma cells capable of forming tumors in immunocompetent BALB/c mice ( Fig. 1F; ref. 26) , and MCF-7 breast cancer cells that form orthotopic estrogen-dependent adenocarcinomas in immunodeficient mice (34). Manifestation of s.c. WEHI-R4 tumors was observed in all untreated animals at day 3 after tumor inoculation and the initial tumor growth displayed a low variability between the animals. Remarkably, p.o. administration of siramesine at concentrations ranging from 25 to 100 mg/kg/d and initiated 2 days before the tumor inoculation resulted in a significant reduction in tumor volume (Fig. 6D) . Furthermore, siramesine treatment (100 mg/kg/d) initiated simultaneously with the tumor inoculation inhibited tumor growth significantly in two additional experiments (data not shown). When applied to mice with orthotopic MCF-7 breast cancer xenografts, siramesine (30 or 100 mg/kg/d) attenuated the tumor growth very potently even when administered after tumors had reached a diameter of 5 mm (Fig. 6E and F) .
Discussion
The data presented above introduce siramesine, a novel selective j-2 ligand, as an anticancer drug with great potential for the treatment of otherwise therapy-resistant cancers. This claim is supported by numerous experimental results: (a) all cancer cells tested, including those resistant to many other cancer drugs due to the expression of ectopic Bcl-2 or lack of functional p53 tumor suppressor protein, were susceptible to siramesine-induced caspase-independent cell death; (b) oncogenic transformation markedly sensitized cells to siramesine-induced cytotoxicity; (c) the cytotoxic potency of siramesine exceeded that of previously reported selective j-2 ligands by inhibiting tumor cell growth at concentrations as low as 100 nmol/L; (d) p.o. administered siramesine significantly inhibited tumor growth in mice without inducing any detectable side effects; and (e) last but not the least, siramesine has earlier been shown to be well tolerated by humans.
Siramesine induced an apoptosis-like cell death with chromatin condensation occurring before the disruption of the plasma membrane in WEHI-S and MCF-7 cells. In concordance with earlier data on other j-2 ligands (3), siramesine-induced cell death was independent of the activation of known caspase cascades because siramesine failed to induce detectable effector caspase activation and the pharmacologic caspase inhibitors, zVAD-fmk, DEVD-CHO, and LEHD-CHO, could not block the cell death. Siramesine was, however, capable of activating caspase-3 as shown by the marked induction of DEVD-AFC cleavage in siramesine-treated MCF-7 cells expressing ectopic caspase-3. Surprisingly, the ectopic caspase-3 expression had no effect on the sensitivity of MCF-7 cells to siramesine. Thus, caspases are activated as epiphenomenon in the siramesine-induced death process, and the caspase-independent cell death pathway seems to be the prominent execution mechanism.
Oxidative stress is often involved in caspase-independent programmed cell death (35) . Therefore, we examined whether siramesine treatment leads to the production of reactive oxygen species. Indeed, siramesine induced a significant increase in cellular reactive oxygen species levels several hours before morphologic signs of cell death. The lipophilic antioxidants a-tocopherol and g-tocopherol effectively hindered both the morphologic changes and the cell death induced by siramesine, whereas hydrophilic antioxidants, such as butylated hydroxyanisole, N-acetyl-cysteine, and glutathione ethyl ester, failed to rescue the cells. These results are suggestive of siramesine-induced lipid peroxidation, because tocopherols, due to their lipophilic nature, are especially effective in protecting lipids from oxidation. It should, however, be noted that in addition to its function as an antioxidant, a-tocopherol has also been reported to inhibit protein kinase C and phospholipase A2, both possible mediators of cell death (36, 37) .
Our data provide the first evidence for the involvement of lysosomes in j-2 ligand-induced death. Siramesine triggered a marked release of lysosomal cathepsins into the cytosol. The release of lysosomal cathepsins into the cytosol preceded the morphologic changes and the cell death and exceeded by far that observed in TNF-treated MCF-7 and WEHI-S cells; death of these cells is known to depend on cysteine cathepsins (29) . Furthermore, the siramesine-induced cytotoxicity in MCF-7 cells was partially blocked in the presence of pharmacologic cathepsin B inhibitors CA-074-Me and R-2525 and a broad-spectrum cysteine protease inhibitor ALLN. Also, in WEHI-S cells, CA-074-Me conferred partial protection, whereas other cathepsin inhibitors were without any effect. The incomplete protection observed suggests that other lysosomal hydrolases or lysosome-derived reactive oxygen species also contribute to the process. Alternatively, reactive oxygen species produced in other cellular compartments could, in parallel, induce lysosomal membrane destabilization and lysosome-independent lethal events in other cellular membranes. The induction of reactive oxygen species before the translocation of lysosomal cathepsins suggests at least a partial upstream role of oxidative stress in lysosomal membrane permeabilization. Further studies are currently undertaken to examine the role of reactive oxygen species in siramesine-induced lysosomal changes. It remains also unknown whether the induction of lysosomal leakage requires intracellular signal transduction through j-2 receptors or whether siramesine itself can destabilize lysosomes.
Importantly, transformation of fibroblasts by oncogenic ras and src sensitized the cells dramatically to siramesine-induced death. Saturation binding analysis done on crude membrane fractions from transformed cells revealed unaltered j-2 receptor density on cellular membranes. It is, however, possible that transformationinduced changes in j receptor modality or localization are responsible for the increased susceptibility (5) . Alternatively, the sensitization may rely on downstream signaling effects induced by oncogenic ras and src. Ras and src promote cell growth and motility and protect cells against classic caspase-mediated apoptosis, but sensitize cells to the TNF-induced lysosomal death pathway (28) . Therefore, it is tempting to speculate that the observed sensitization toward siramesine is due to the oncogeneinduced increase in the expression levels of cysteine cathepsins and/or extensive changes in lysosome trafficking (38) . Accumulating evidence suggest that tumor cell lysosomes, indeed, are good targets for anticancer drugs. For example, a recent drug screening study revealed numerous lysosome-destabilizing drugs among compounds that induce p53-independent cell death (39) . Moreover, a lysosomotrophic agent isolated from the Hawaiian mollusc Elysia rufescens that is currently in phase II clinical trials has shown clinical benefits in patients with advanced and therapy resistant cancers of various origins (40) .
Overexpression of antiapoptotic proteins of Bcl-2 family as well as mutations in p53 are among the most common mechanisms by which cancer cells escape spontaneous as well as therapy-induced cells death (20, 41, 42) . Thus, development of anticancer agents that activate Bcl-2-and p53-independent death pathways is of great importance. Remarkably, the death pathway induced by siramesine could not be inhibited by the ectopic expression of Bcl-2 and did not depend on p53 protein. Whereas the protective role of Bcl-2 in j receptor-induced death pathways has not been studied earlier, the independence of p53 seems specific for selective j-2 ligands because haloperidol, a nonselective j ligand, has been found to increase p53 expression (11) .
It is a general and puzzling observation that the apoptosisinducing potency of other j-2 ligands is 100-1000 fold lower than predicted from the binding affinity determined on isolated cell membrane preparations. Instead, the potency seems largely to depend upon the log P value (hydrophobicity; ref. 43) . Importantly, siramesine induced growth inhibition even at nanomolar concentrations. This could be due to the very hydrophobic nature of siramesine explaining the relative higher potency of this ligand compared with others. j-2 Receptors are associated with lipid rafts, 6 WEHI-R4 fibrosarcoma cells were inoculated s.c. into the flank of immunocompetent BALB/c mice and the tumor size was measured at indicated days. Indicated daily p.o. doses of siramesine were initiated 2 days before tumor inoculation. E and F, 10 Â 10 6 MCF7-S1 breast carcinoma cells were inoculated into the mammary fat pad of immunodeficient mice that were treated p.o. with siramesine at 100 mg/kg/d (E ) or 30 mg/kg/d (F ) starting either 2 days before (day 2) or simultaneously with (day 0) tumor inoculation or after tumor manifestation (diameter z 5 mm; E , tumor z 5 and F ). Points, tumor volumes representing averages of five (D and F ) or four (E ) mice; bars, SD; *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant differences between vehicle-and siramesine-treated groups (D-F). E, P values are indicated only for the group treated after tumor manifestation.
possibly facing the cytosol (43) . More efficient passage through the plasma membrane by highly hydrophobic ligands, such as siramesine, may thus explain the high potency of siramesine.
In conclusion, our data shows that siramesine is an efficient inducer of alternative apoptosis through the induction of oxidative stress and massive lysosomal permeabilization. The recent progresses in the research on tumor cell lysosomes seriously invite more effort to be invested into the detailed elucidation of lysosomal death pathways and putative anticancer drugs, like siramesine, that induce lysosomal leakage.
